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Olig2Neurogenesis persists in restricted regions of the adult vertebrate brain. However, the molecular mechanisms
supporting adult neurogenesis are not fully understood. Here we demonstrated that C cell-speciﬁc deletion of
RBP-J in the adult subventricular zones (SVZs) caused reduction in numbers of mature granule cells in the
olfactory bulbs (OBs) with concomitant increase in Olig2+ oligodendroglial progenitors, although generation
of immature neurons was enhanced in the SVZs. Adenovirus-mediated Cre introduction to the SVZs of RBP-J-
ﬂoxed mice indicated that Olig2+ cells in the OBs can be generated from RBP-J-deﬁcient SVZs, although no
oligodendroglial cells in the OBs are derived from the normal SVZs. This preferential differentiation to
oligodendroglial progenitor cells and reduction in differentiation of mature neurons were also conﬁrmed by
in vitro culture of RBP-J-deﬁcient SVZ-derived neural progenitor cells, in addition to defects in the
maintenance of adult neural stem cell population. The defects in maturation of RBP-J-deﬁcient neurons could
be partly rescued by knockdown of Olig2 in vivo. Our ﬁndings suggest that RBP-J might regulate neuronal
maturation at least in part through transcriptional repression of Olig2.© 2009 Elsevier Inc. All rights reserved.IntroductionThe most prominent region of neurogenesis in the adult
mammalian brain is the subventricular zone (SVZ) of the lateral
ventricle wall (Doetsch et al., 1999). Olfactory bulb (OB) interneurons,
continuously generated throughout adulthood, originate from astro-
glia-like stem cells (B cells) in the SVZ. These stem cells divide slowly
and give rise to type C cells, which are rapidly-dividing, transient-
amplifying multipotent precursors. Type C cells in turn generate type
A cells, which are neuroblasts, migrate to the OB through the rostral
migratory stream (RMS). In the OB, they differentiate into interneur-
ons, such as granule cells and periglomerular neurons (Doetsch et al.,
1999; Lois and Alvarez-Buylla, 1994). In adults, SVZ cells generate OB
neurons but not OB oligodendroglial cells (Lois and Alvarez-Buylla,
1994; Menn et al., 2006; Spassky et al., 2001; Suzuki and Goldman,
2003), although they have the potential to differentiate into
oligodendroglial cells in corpus callosum, striatum and ﬁmbria cornix
(Menn et al., 2006). Olig2 is a transcriptional factor expressed in type
C cells in the SVZ, which is essential for the potential of transient-
amplifying cells (Hack et al., 2005, 2004). However, its down-l rights reserved.regulation is crucial for neuronal differentiation. Overexpression of
Olig2 leads to the inhibition of neurogenesis and promotes oligoden-
droglial differentiation (Hack et al., 2005; Lee et al., 2005; Marshall
et al., 2005).
Notch/RBP-J signaling has been known to play pivotal roles in
various aspects of neural cell fate speciﬁcation. Notch is a membrane-
bound receptor. Ligand binding to the Notch receptor leads to its
proteolytic processing to release the intracellular domain (IC) that
translocates to the nucleus and interacts with a DNA-binding protein,
RBP-J (Tamura et al., 1995). In the absence of Notch IC, RBP-J forms a
complex with co-repressors such as SMRT, N-CoR andMINT to repress
the transcription of its target genes (Hsieh and Hayward, 1995; Kao
et al., 1998; Kuroda et al., 2003). Notch IC competes with co-repressors
for RBP-J to activate RBP-J-mediated transcription. Notch/RBP-J
signaling inhibits neuronal differentiation and supports neural stem
cells (Androutsellis-Theotokis et al., 2006; de la Pompa et al., 1997;
Ohtsuka et al., 2001). In spinal cord oligodendroglial development,
Notch/RBP-J signaling is essential for the commitment of oligoden-
droglial progenitors (Park and Appel, 2003), but inhibits the
maturation of oligodendroglial progenitors (Genoud et al., 2002;
Wang et al., 1998). In adult neurogenesis, loss of Jagged1, a Notch
ligand, or Notch1 blocks neural stem cell proliferation but does not
effect cell lineage commitment between neurons, astrocytes and
oligodendroglial cells in vitro (Nyfeler et al., 2005). However, the role
of Notch signaling in vivo remains to be elucidated.
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cells in the OB with concomitant increase of SVZ-derived oligoden-
droglial progenitor cells. RBP-J-deﬁcient neural progenitor cells
showed defects in neuronal differentiation and preferential differ-
entiation to oligodendroglial cells. Knockdown of Olig2 rescued the
defects in neuronal differentiation of RBP-J-deﬁcient SVZ neural
progenitor cells.
Our experiments indicate the pivotal roles of Notch/RBP-J
signaling to maintain stable adult neurogenesis in vivo. RBP-J
promotes neurogenesis by inhibiting oligodendroglial differentiation
at least in part through the regulation of Olig2 transcription.
Materials and methods
Transgenic lines
RBP-J-ﬂoxed mice (Han et al., 2002; Tanigaki et al., 2002), CamKII-
Cre (line 93) transgenic mice (Rios et al., 2001), and ROSA26R-LacZ Cre
reporter (Soriano, 1999) mouse lines have been described.
BrdU labeling analysis
We injected 9- to 12-week-old mice intraperitoneally with BrdU
(100 mg/kg) once at day 0 for the pulse chase experiment or every
12 h for continuous BrdU treatment. Mice were transcardially
perfused with 4% paraformaldehyde and 0.1% glutaraldehyde in PBS
(PFA) 2, 72 or 168 h after the ﬁrst administration of BrdU. Brains were
ﬁxed for 12 h in 4% PFA and were frozen in tissue-tek O.C.T. compound
(Sakura Finetechnical, Tokyo, Japan) and cut at 40 μm thickness. BrdU
stainingwas performed as described previously (Handler et al., 2000).
Immunohistochemistry of tissue sections
Mice were perfused and sectioned, as above. Immunohistochem-
ical staining was performed with primary antibodies for 48 h at 4 °C
after blocking for 1 h at room temperature with 4% skim milk (Becton
Dickinson). Then the sections were incubated for 1 h at room
temperature with secondary antibodies (Molecular Probes). The
primary antibodies used were anti-LacZ (Promega and Cappel), anti-
BrdU (BU1/75, Oxford Biotechnology), anti-GFP (Molecular Probes),
anti-PSA-NCAM (Chemicon), anti-Dlx-2 (Chemicon and Santa Cruz),
anti-GFAP (DAKO), anti-NeuN (Chemicon), anti-Olig2 (IBL), anti-
PDGFRα (Cell Signaling), anti-Nestin (Chemicon), anti-O4 (Chemi-
con), anti-Mash1 (R&D) and anti-Tuj1 (Sigma) antibodies. The TUNEL
assay was performed using the Apoptag Fluorescein In Situ Apoptosis
Detection Kit (Chemicon). Slides were examined with an Olympus
confocal laser scanning microscope (FV-300, Olympus). Numbers of
cells positive for BrdU or cell type-speciﬁc markers were system-
atically counted in every ﬁfth sagittal section covering the complete
OB. Analysis of LacZ activity was performed by X-gal staining, as
previously described (Zinyk et al., 1998).
Immunoblotting
Cells were lysed for 30 min in 0.1 ml of ice-cold lysis buffer that
contained 1% Triton X. After centrifugation, cell lysates were subjected
to 15% SDS-polyacrylamide gel electrophoresis and transferred to a
PVDFmembrane (Hybond-P, AmershamPharmacia, Uppsala, Sweden).
The blot was incubated with anti-RBP-J (T6709, Institute of Immunol-
ogy), anti-Olig2 (IBL), and anti-β-actin (Sigma) antibodies and
visualized by the ECL-plus detection system (Amersham Pharmacia).
Stereotaxic injection
Injections of adenoviruses or lentiviruses were performed stereo-
taxically in 9- to 12-week-oldmice. The coordinate of the injection sitewas 1.2 mm anterior and 1.3 mm lateral to bregma at a depth of
1.6 mm and 0.7 mm anterior and 0.9 mm lateral to bregma at a depth
of 1.9 mm. All procedures were performed according to the guidelines
on animal experiments of Kyoto University and Shiga Medical Center.
Neural progenitor cell culture
Neural progenitor cell cultures were established from the lateral
ventricular walls of newborn control or RBP-Jf/f mice. Tissues were
dissociated by trituration with a ﬁre-polished Pasteur pipette. Cells
were plated at 8000 cells/cm2 in neurosphere medium (DMEM/F12
containing 0.025 mg/ml apo-transferrin, 0.015 mg/ml insulin, 20 nM
progesterone, and 30 nMNa selenite) supplementedwith EGF (20 ng/
ml) and FGF2 (10 ng/ml). After 2 to 4 passages, cells were dissociated
from neurospheres and seeded on a Matrigel-coated slide chamber
(Nunc). For analysis of progenitor differentiation, cells were infected
with Cre-expressing adenoviruses and RBP-J or EEF-expressing
lentiviruses one day after passage and maintained for 4 days in
neurosphere medium supplemented with 5% FCS. Cells were then
ﬁxed with 4% PFA for 15 min and processed for immunohistochem-
istry. OHT-inducible-Notch IC-expressing adult hippocampal progeni-
tor cells (LHCTM-transduced AHPs) were described in a previous
study (Tanigaki et al., 2001).
Reporter assay
4× RBP-J-binding sites and SV40 promoter were subcloned into
pGL3 and Venus was substitutedwith luciferase gene to generate RBP-
J-Venus. Mouse Olig2 promoter (−1832 to 0) was subcloned into
pGL4 (Promega) by PCR (Olig2-luc). We introduced mutation into
RBP-J binding sites of these constructs using site-directed mutagen-
esis to abolish RBP-J binding, based on a strategy used in a previous
study (Barolo et al., 2000). Reporter plasmid Olig2-luc was cotrans-
fected with pRL-EF to SVZ-derived neural progenitor cells using
Lipofectamine 2000 (Invitrogen). The total amount of DNA was kept
constant with pBS (Stratagene). After 24 h incubation in neurosphere
medium, cells were subjected to luciferase assay using a luminometer
(GlowMax Luminometer, Promega). Normalized luciferase activity
(ﬁreﬂy luciferase/sea urchin luciferase ratio) was then compared in
each experiment, samples were analyzed in triplicate, and experi-
ments were repeated at least three times.
RNA interference
The target region in Olig2 was identiﬁed by the BLOK-iT RNAi
Designer Program (Invitrogen). The sequence used to generate shRNA
was GGGAGTCGAATATATGGGAACCGAA. Synthetic duplexes were
subcloned into the pcDNA6.2GW/EmGFP/MiR vector (Invitrogen),
which co-expresses the shRNA surrounded by miR155-ﬂanking
sequenceswith EmGFP. This vectorwas used to transfer the expression
cassette to the lentiviral vector, pLenti6/V5-DEST vector (Invitrogen),
by Gateway recombination following the kit instructions.
Results
Reduced neuronal differentiation in RBP-J-deﬁcient adult OB
In the adult SVZ, astroglia-like stem cells (B cells) in the SVZ
express glial ﬁbrillary acidic protein (GFAP). These stem cells generate
type C cells, which express Dlx2 but not polysialylated form of neural
cell adhesion molecules (PSA-NCAM). Next, type C cells differentiate
into type A cells, which express PSA-NCAM. To examine the functions
of RBP-J in adult neurogenesis, we utilized adult CamKII-Cre×RBP-J f/f
(RBP-J f/f×Cre) mice. In these transgenic mice, Cre expression begins
at C cell stage in the SVZs of the lateral ventricles, as conﬁrmed by
immunohistochemical analysis of the SVZs of R26R-LacZ Cre reporter
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Supplementary Fig. 1). Cre expression was observed in 2.7±1.3% of
GFAP+ cells, 77.7±8.0% of C cells (PSA-NCAM−, Dlx2+ cells), and
92.4±6.0% of A cells (PSA-NCAM+, Dlx2+ cells) of the SVZs (n=1777,
12 hemispheres). Cre expression began earlier than postnatal day 10
(Supplementary Fig. 1). In the absence of RBP-J, the density of
Neuronal Nuclei (NeuN)+ granule cells in the OB GCL was reduced
(densities of NeuN+granule cells: controlRBP-Jf/+×Cremice, 6986.3±Fig. 1. Enhanced generation of A cells from RBP-J-deﬁcient SVZ cells. (A) Schematic d
Immunoﬂuorescent analysis for Dlx2 (green, middle panel), PSA-NCAM (red, middle panel),
bar=20 μm. (B) Immunoﬂuorescence analysis for Dlx2 (green), PSA-NCAM (red), and DAP
(C) Quantitative analysis of distributions of C cells (PSA-NCAM−, Dlx2+ cells), and A cells (PS
Values are themean±S.D. for 5 to 12mice. ⁎Pb0.05, ⁎⁎Pb0.01 (Student's t test). (D) Density
RBP-J f/f×Cre mice (black bar). Single dose of BrdU (100 mg/kg) was administered 2 h befo519.6 cells/mm2: RBP-Jf/f×Cre mice, 5463.1±884.2 cells/mm2:
n=7745, 13 hemispheres, P=0.0062 (Student's t test)) (Figs. 2A, B).
In contrast, RBP-J deﬁciency enhanced generation of oligodendroglial
progenitors expressing Olig2 and platelet-derived growth factor
receptor α (PDGFRα) (Olig2: RBP-Jf/+×Cre mice, 161.1±25.3 cells/
mm2, RBP-Jf/f×Cre mice, 268.3±46.9 cells/mm2, n=3196, 39 hemi-
spheres, Pb0.0001 (Student's t test); PDGFRα: RBP-Jf/+×Cre mice,
196.6±49.7 cells/mm2, RBP-Jf/f×Cre mice, 276.6±48.3 cells/mm2,rawings of a coronal plane section (left) showing a neurogenic area of the brain.
GFAP (red, right panel) and LacZ (blue) in the SVZs of CamKII-cre×R26R-LacZmice. Scale
I staining of nuclei (blue) in RBP-J f/+×Cre and RBP-J f/f×Cre SVZs. Scale bar=20 μm.
A-NCAM+, Dlx2+ cells) in RBP-J f/+×Cre (white bar) and RBP-J f/f×Cre (black bar) SVZs.
of BrdU+ A cells (PSA-NCAM+, Dlx2+ cells) in the SVZs of RBP-J f/+×Cre (white bar) and
re sacriﬁce. Values are the mean±S.D. for 3 to 4 mice. ⁎Pb0.05 (Student's t test).
Fig. 2. RBP-J deﬁciency caused defects in neuronal differentiationwith concomitant increase of oligodendroglial progenitors in OBs. (A) Immunostaining for NeuN, Olig2, and PDGFRα
in the granule cell layer of the OBs of RBP-J f/+×Cre and RBP-J f/f×Cremice. Scale bar=100 μm.Density ofmarker+ cells in the GCLs of RBP-J f/+×Cre (white bars) and RBP-J f/f×CreOBs
(black bars). Values are the mean±S.D. for 6 to 20 mice. ⁎⁎Pb0.01 (Student's t test). (C, D) The kinetics of BrdU+ Olig2+ cells in the GCLs from RBP-J f/+×Cre and RBP-J f/f×CreOBs at
various time points. BrdU was administrated once for a pulse chase experiment (D) or continuously every 12 h (C). The data is the mean±S.D. from 3 to 8 mice. ⁎Pb0.05, ⁎⁎Pb0.01
(Student's t test).
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Next, we examined expressions of other oligodendroglial markers in
RBP-Jf/f×Cre mice (Supplementary Fig. 2). The expressions of PLP and
Olig2 but not CNPase or MBP increased in the absence of RBP-J, which
conﬁrmed the enhanced generation of oligodendroglial cells caused by
RBP-J deﬁciency.
The kinetics of generation of Olig2+ cells in the absence of RBP-J
The enhancement of oligodendroglial progenitor generation can be
caused by a local increase of the proliferation rate of oligodendroglial
progenitors in the OB, or by an increase of immigration of
oligodendroglial progenitors to the OB from other brain regions. To
discriminate between these two possibilities, we performed bromo-deoxyuridine (BrdU) labeling experiments. Two hours after admin-
istration of BrdU, the number of BrdU+ Olig2+ cells increased 2.5
times in the SVZs of RBP-Jf/f×Cre mice compared with that of control
RBP-Jf/+×Cre mice (control RBP-Jf/+×Cre mice, 6.2±4.0 cells/mm2:
RBP-Jf/f×Cre mice, 15.2±5.1 cells/mm2: 12 hemispheres, P=0.030
(Student's t test)) (Fig. 2C), which suggests that the local proliferation
of oligodendroglial progenitors in the OB is enhanced in the absence of
RBP-J. After continuous BrdU treatments for 72 h, the difference of the
ratio of BrdU+ Olig2+ cells drastically increased from 2.5 times to 4.3
times (control RBP-Jf/+×Cremice, 29.4±6.4 cells/mm2: RBP-Jf/f×Cre
mice, 125.7±22.4 cells/mm2: 12 hemispheres, P=0.01 (Student's t
test)) (Fig. 2C). Next, we performed BrdU pulse chase experiments.
RBP-J deﬁciency caused much higher labeling rate of Olig2+ cells in
the OBs 3 days after one BrdU administration (control RBP-Jf/+×Cre
343M. Fujimoto et al. / Developmental Biology 332 (2009) 339–350mice, 4.8±3.2%: RBP-Jf/f×Cre mice, 20.8±3.3%: 6 hemispheres,
P=0.013 (Student's t test)) (Fig. 2D). These data suggested that
enhanced immigration to the OB as well as enhanced proliferation of
oligodendroglial progenitors caused increased density of Olig2+ cells
in the OB in the absence of RBP-J.
To examine the process of development of RBP-J-deﬁcient SVZ
neural progenitor cells, we performed immunoﬂuorescence studies of
the composition of C, and A cells in the SVZ and RMS. In the RBP-J-
deﬁcient SVZ, the percentage of A cells, which are immature
neuroblasts, increased from 60.9±8.5% to 77.8±5.5% at the expense
of C cells (11 hemispheres, P=0.0035 (Student's t test)) (Figs. 1B, C),
whereas in the RMS A cells decreased (RMS: 21 hemispheres,
P=0.034 (Student's t test)), with concomitant increase in Olig2+
cells (RMS: 11 hemispheres, P=0.012 (Student's t test)) (Figs.
3A–C, E). In addition, the Olig2 expression level of RMS cells was
slightly enhanced in the absence of RBP-J, although the difference was
not statistically signiﬁcant (P=0.09 (Student's t test)) (Figs. 3D, E). ToFig. 3. The increased number of Olig2+ cells in the absence of RBP-J. (A) Schematic drawing
analysis of distributions of A cells (PSA-NCAM+ and Dlx2+ cells) (B) and Olig2+ cells (C).
(Student's t test). (D, E) Quantiﬁcation of the expression level of Olig2 (D) by measuring imm
(E). Scale bar=20 μm.determine the rate of generation of A cells, we performed BrdU
labeling experiment. Two hours after injection of BrdU, we analyzed
the incorporation of BrdU in A cells in RBP-J deﬁcient SVZ. We
observed enhanced generation of A cells in the absence of RBP-J (6
hemispheres, P=0.021 (Student's t test)) (Fig. 1D). TUNEL analysis
demonstrated that the absence of RBP-J did not affect cell death in
adult neurogenesis (data not shown). These ﬁndings showed that
RBP-J deﬁciency in SVZ enhanced generation of immature neurons but
led to impairment of neuronal maturation to granule cells in the OBs
with concomitant increase of Olig2+ oligodendroglial progenitor cells.
Ectopic expression of Olig2 in PSA-NCAM+ cells in the absence of RBP-J
To examine which cells express Olig2 in the absence of RBP-J, we
performed immunohistochemical characterization of Olig2+ cells in
the SVZs and the RMSs. It has been reported that Olig2 is exclusively
expressed in C cells and thatMash1+ cells are C cell-like cells and smalls of a sagittal plane section showing a neurogenic area of the brain. (B, C) Quantitative
Dots represent the mean for 5 to 12 mice, with S.D. shown as bars. ⁎Pb0.05, ⁎⁎Pb0.01
uno-ﬂuorescent intensity of Olig2 in the RMSs of RBP-J f/+×Cre and RBP-J f/f×Cremice
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cells (Hack et al., 2005; Hack et al., 2004; Parras et al., 2004). Large
fraction of RBP-J-deﬁcient Olig2+ cells was Mash1-negative and
expressed PSA-NCAM (Mash1: SVZ P=0.028, RMS P=0.042; PSA-
NCAM: SVZ P=0.007, RMS P=0.021 (Student's t test), 6 hemispheres)
(Figs. 4A, B). This data might suggest that some of prospective
neuroblasts ectopically express Olig2 in the absence of RBP-J.
Ectopic generation of OB Olig2+ cells from RBP-J-deﬁcient SVZ
To trace how RBP-J-deﬁcient SVZ neuronal progenitors differenti-
ate in vivo, we induced deletion of the RBP-J allele speciﬁcally in theFig. 4. Increased expression of Olig2 in RBP-J-deﬁcient A cells. (A) Immunostaining for
PSA-NCAM, Mash1, and Olig2 in the SVZs of RBP-J f/+×Cre and RBP-J f/f×Cre mice.
Scale bar=20 μm. (B) Percentages of marker+ cells in the Olig2+ cells of the SVZs and
RMSs of RBP-J f/+×Cre (white bars) and RBP-J f/f×Cremice (black bars). Values are the
mean±S.D. for 3 to 5 mice. ⁎Pb0.05, ⁎⁎Pb0.01 (Student's t test).SVZs by stereotaxic injection of Cre-expressing adenoviruses into the
SVZ of RBP-Jf/+ or RBP-Jf/f mice with R26R-LacZ Cre reporter (Fig. 5A).
This Cre reporter enabled labeling of the progeny of Cre-expressing
adenovirus-infected SVZ cells with LacZ. Cre-mediated LacZ expres-
sion was observed in GFAP+ cells, C cells, and A cells 24 h after
injection (GFAP+ cells: 24.5±2.3%, Olig2+ cells: 32.4±3.5%, C cells:
15.4±0.4%, A cells: 49.2±6.6% of LacZ+ SVZ cells (n=444, 10
hemispheres)). Two weeks after infection, RBP-J deﬁciency caused a
drastic reduction in astroglia-like GFAP+ cells in the SVZs (control
RBP-Jf/+×R26R-LacZ mice, 35.9±7.6%; RBP-Jf/f×R26R-LacZ mice,
15.7±2.9%: n=1426, 17 hemispheres, P=0.00019 (Student's t test))
(Figs. 5B, C) but did not affect the migration of LacZ+ cells to the OBs.
TUNEL analysis demonstrated that the absence of RBP-J did not affect
cell death of the adeno-infected SVZ cells (control RBP-Jf/+×R26R-
LacZ mice, 2.2±0.9%; RBP-Jf/f×R26R-LacZ mice, 1.7±0.9%: n=412, 6
hemispheres, P=0.485 (Student's t test)). In control mice, the LacZ+
cells in the OB were exclusively NeuN+ neurons (two weeks after
infection, 94.5±0.9%: three weeks after infection, 99.6±0.5%),
consistent with previous reports (Lois and Alvarez-Buylla, 1994;
Menn et al., 2006; Suzuki and Goldman, 2003). In contrast, in the
absence of RBP-J, the percentage of NeuN+ cells among LacZ+ cells
decreased to 68.9±10.4% (n=1274, 16 hemispheres, Pb0.0001
(Student's t test)), whereas LacZ+ Olig2+ cells increased to 9.9±
4.1% (twoweeks after infection) comparedwith 0.5±1.0% (twoweeks
after infection) and 0% (three weeks after infection) of control mice
(n=1056, 16 hemispheres, Pb0.0001 (Student's t test)) (Fig. 5D).
LacZ+ Olig2+ cells slightly increased also in the RMSs but not in the
SVZ, which are not statistically signiﬁcant (RMS P=0.17: SVZ P=0.49
(Student's t test), 7 hemispheres) (Fig. 5E). Taken together, these
ﬁndings indicate that the reduction of mature granule neurons in
RBP-J-deﬁcient mice is correlated with the increase in the number of
ectopic Olig2+ cells in the OBs.
Preferential differentiation of SVZ-derived neural progenitor cells to
oligodendroglial cells in the absence of RBP-J
To determine the functions of RBP-J in promoting neuronal
maturation, we utilized SVZ neural progenitor culture from the lateral
ventricular walls of RBP-Jf/f or RBP-Jf/+ mice at birth. After 2–4
passages, Cre was introduced with adenoviruses and cultivated in
differentiating conditions for four days. Cre-mediated deletion
efﬁciency was estimated using R26R-LacZ Cre reporter (Fig. 6D).
LacZ expression from R26R-LacZ Cre reporter was observed in all SVZ
neural progenitor cells infected by Cre-expressing adenoviruses. Loss
of RBP-J in infected SVZ neural progenitors was conﬁrmed by western
blotting (Fig. 6E). Immunohistochemical analysis with a post-mitotic
neuronal marker, TujI, and an oligodendroglial marker, O4 and real-
time RT-PCR analysis of a oligodendroglial marker, PLP showed that
RBP-J deﬁciency in the SVZ neural progenitor culture resulted in the
reduction of mature neurons with preferential differentiation to
oligodendroglial cells (TujI+ cells (N): control RBP-Jf/+ culture, 8.9±
1.6%; RBP-Jf/f culture, 5.0±1.7%, Pb0.05 (Student's t test), O4+ cells
(O): control RBP-Jf/+ culture, 17.7±1.1%; RBP-Jf/f culture, 38.2±3.9%,
Pb0.001 (Student's t test)) (Figs. 6A–C). These observations con-
ﬁrmed that RBP-J deﬁciency in SVZ neural progenitor cells also leads
to impairment of neuronal maturation in vitro.
RBP-J functions as a transcriptional repressor in the absence of
Notch activation (Hsieh and Hayward, 1995; Kao et al., 1998; Kuroda
et al., 2003) (Fig. 7C). To test whether the repressor activity of RBP-J is
required for promotion of neuronal maturation, we performed rescue
experiments with lentiviral-mediated expression of RBP-J or RBP-J
EEF259AAA mutant, a mutant ineffective in mediating transcriptional
suppression (Tani et al., 2001; Zhou and Hayward, 2001) (Figs. 7A, B).
RBP-J re-expression enhanced the maturation of TujI+ neurons from
SVZ neural progenitors. In contrast, the RBP-J EEF259AAA mutant
failed to rescue the defects in neuronal maturation and decreased the
Fig. 5. Reduced OB neuronal differentiation from RBP-J-deﬁcient SVZ neural progenitors in vivo. (A) Schematic drawings illustrating the site of adenoviral injection (an arrow). CC,
corpus callosum; LV, lateral ventricle. (B, C) LacZ staining (B) and graphs (C) illustrating the cell types of adenovirus-infected LacZ+ cells in the SVZs of RBP-J f/+×R26R-LacZ and
RBP-J f/f×R26R-LacZ mice 14 days after injection of Cre-expressing adenoviruses into the SVZs. Values are the mean for 6 to 10 mice. Scale bar=250 μm. (D) Immunoﬂuorescence
analysis for LacZ (green), NeuN (red, upper left panel), and Olig2 (red, upper right panel) of LacZ+ cells in the OBs of RBP-J f/f×R26R-LacZ mice 14 days after injection of
Cre-expressing adenoviruses into the SVZs. These cells were derived from adenovirus-infected SVZ cells. Scale bar=20 μm. Lower graphs show percentages of NeuN+ or Olig2+ cells
in the OBs of RBP-J f/+×R26R-LacZ (white bars) and RBP-J f/f×R26R-LacZmice (black bars) 14 or 21 days after injection of Cre-expressing adenoviruses into the SVZs. Values are the
mean±S.D. for 5 to 10 mice. ⁎Pb0.001 (Student's t test). (E) The percentages of Olig2+ cells in the adenovirus-infected cells of RBP-J f/+×R26R-LacZ and RBP-J f/f×R26R-LacZmice
14 days after injection of Cre-expressing adenoviruses into the SVZs. Values are the mean±S.D. for 3 to 5 mice. ⁎Pb0.01 (Student's t test).
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tional repression is important for neuronal maturation (TujI+ cells:
GFP, 22.3±6.6%; RBP-J, 37.7±3.69%; EEF, 9.9±2.8%, Pb0.05 (Student's
t test)) (Figs. 7A, B). The percentage of TujI+ neurons in lentivirus-
infected cells is higher than that of differentiated RBP-J-deﬁcient SVZ
neural progenitor cells (Figs. 6A, B). This is caused by the preference of
lentiviruses to infect neuronal cells, which might bias the interpreta-
tion of this data.
RBP-J-mediated transcriptional repression in SVZ neural progenitor cells
To visualize RBP-J-mediated transcription in SVZ neural progenitor
cells, a reporter gene expressingVenus-ﬂuorescentprotein (Nagai et al.,
2002) under the control of 4 tandem RBP-J binding sites and mutated
RBP-J binding sites was constructed (RBP-J-Venus/mRBP-J-Venus)
(Barolo et al., 2000; Mizutani et al., 2007) (Fig. 8A). The speciﬁcity of
this reporter was assessed by transient transfection assay using a
constitutive activemutant form of Notch1 (RAMIC) andmRBP-J-Venus.
Notch activation by RAMIC enhanced Venus expression from RBP-J-
Venus in SVZ neural progenitor cells (Fig. 8B), whereas mRBP-J-Venus
construct did not show any responses to RAMIC (Fig. 8C). These data
demonstrated that Venus-ﬂuorescent intensity is Notch-responsive
and speciﬁc.
Next, we examined the effects of loss of RBP-J induced by Cre-
expressingadenovirus infection.RBP-J deﬁciencydecreased thenumber
of cells with low Venus-ﬂuorescent intensity (Fig. 8D), suggesting leaky
expression by de-repression. Finally, to examinewhether this increasedﬂuorescence caused by loss of RBP-J is dependent onNotch activation or
not, we shut down Notch activation using γ-secretase inhibitor, DAPT.
DMSO was used as a negative control. The number of SVZ neural
progenitor cells with high Venus-ﬂuorescent intensity drastically
decreased by the treatment with DAPT, which showed that high
Venus ﬂuorescence in SVZ neural progenitor depends on Notch
activation (Fig. 8E). In contrast, RBP-J deﬁciency caused increased
number of cells with high ﬂuorescent signal (Fig. 8F). Taken together,
these results suggest that RBP-J mediated transcriptional repression
exists in SVZ neural progenitor cells and the function is independent of
Notch activation. The increase of ﬂuorescent signal in RBP-J-deﬁcient
cells induced by DAPTmight suggest that the transcriptional repression
activity of RBP-Jmay be higher in differentiating neurons than in neural
progenitor cells, because DAPT treatment causes premature neural
differentiation of neural progenitor cells.
Regulation of Olig2 transcription by RBP-J
Persistent expression of Olig2 is known to interfere with neuronal
differentiation and promote oligodendroglial cell differentiation
(Hack et al., 2005; Lee et al., 2005; Marshall et al., 2005), which led
us to test whether Olig2 is a direct target of RBP-J-mediated
transcriptional regulation. Analysis of the nucleotide sequence of the
Olig2 promoter region revealed two binding sites (CGTGAGAA/
TGTGAGAA) for RBP-J, one of them conserved between mice and
humans (Fig. 9A). We ﬁrst examined the activation of Olig2 promoter
by activation of Notch signaling. When a constitutive active mutant
Fig. 6. The preferential differentiation of RBP-J-deﬁcient neural progenitor cells to oligodendroglial cells associated with reduced neuronal differentiation. (A) Immunoﬂuorescent
study of Nestin, Tuj1, O4 and GFAP (green) and nuclei stained with DAPI (blue). The SVZ neural progenitor cells were isolated from RBP-Jf/+ and RBP-Jf/f mice and infected by Cre-
expressing adenoviruses. Immunoﬂuorescent staining was performed four days after adenoviral infection. Scale bar=100 μm. (B) Quantiﬁcation of neural stem cells (S, Nestin+
cells), neurons (N, Tuj1+ cells), oligodendroglial cells (O, O4+ cells) and astrocytes (A, GFAP+ cells) in a 4-day culture of the SVZ neural progenitor cells from RBP-Jf/+ (white bars)
and RBP-Jf/f mice (black bars) infected by Cre-expressing adenoviruses. The data is the mean±S.D. from 3 mice. ⁎Pb0.05, ⁎⁎Pb0.01 (Student's t test). (C) Time course of change in
gene expression in RBP-J-deﬁcient SVZ neural progenitors. Quantitative real-time RT-PCR analysis of gene expression in SVZ neural progenitors during the 84 h period following
Cre-expressing adenovirus infection. Values have been normalized to β-actin abundance. ⁎Pb0.05, ⁎⁎Pb0.01 (Student's t test). (D) LacZ staining of SVZ neural progenitors of
CamKII-cre×R26R-LacZ mice 24 h after infection by Cre-expressing adenoviruses. Scale bar=100 μm. (E) Immunoblot analysis of RBP-J in RBP-Jf/+ and RBP-Jf/f SVZ neural
progenitors infected by Cre-expressing adenoviruses.
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(−1832-0)-luc into SVZ-derived neural progenitor cells, transactiva-
tion of Olig2 promoter was observed (Fig. 9B). To examine whether
Notch activation induces endogenous Olig2, we utilized 4-hydro-
xytamoxifen (OHT)-inducible Notch activation system of adult
hippocampus-derived neural progenitors (AHPs) (Tanigaki et al.,
2001). The constitutive active form of Notch1 is fused to the human
estrogen receptor and introduced to retrovirus vector, LHCX, desig-nated LHCTM. LHCTM-transduced AHPs were treated with OHT. 24 h
Notch activation induced Olig2 expression in LHCTM-transduced AHP
cells (Fig. 9E). In SVZ neural progenitor cells, RBP-J deﬁciency also led
to a slight increase in endogenous Olig2 expression (Fig. 6C). These
results suggest that Olig2 may be a target of Notch/RBP-J signaling.
To examine the roles of the RBP-J binding sites in the transcriptional
regulation of Olig2, we introduced mutations in RBP-J binding sites in
Olig2 promoter (mOlig2-luc). These mutations abolished the response
Fig. 7. Repressor activity of RBP-J is required for promotion of neuronal differentiation from adult SVZ neural progenitors. (A, B) Immunohistochemical analysis of EGFP (green), O4, or
TujI (red) and nuclei stained with DAPI (blue). SVZ neural progenitors from RBP-Jf/f mice were infected with Cre-expressing adenoviruses and lentiviruses that express RBP-J IRES
EGFP (RBP-J) or RBP-J-EEF259AAA IRES EGFP (EEF). Immunoﬂuorescence staining was performed four days after infection. Scale bar=50 μm. Bar graphs (B) showing quantiﬁcation
of percentages of O4- or Tuj1+ cells among EGFP+ lentivirus-infected cells. Values are the mean±S.D. for 3 mice. ⁎Pb0.05 (Student's t test). (C) Models for RBP-J function in the
regulation of target gene transcription. In the absence of Notch signaling activation, RBP-J recruits co-repressors (CoR) and represses target gene expression. After Notch activation,
intracellular domain of Notch (IC) translocates to nucleus, transactivates RBP-J-mediated transcription by displacement of and recruitment of coactivators (CoA). EEF259AAA (EEF), a
mutant form of RBP-J without transcriptional repression activity, sometimes fails to suppress the expression of target genes, leading to ectopic target gene expression.
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basal expression (Figs. 9C, D), which might represent release from
RBP-J-mediated repression of Olig2 promoter, although it was not
statistically signiﬁcant (P=0.069 (Student's t test)) (Fig. 9C). Next, to
examinewhether RBP-J acts as a transcriptional repressor ofOlig2 gene
in the absence of Notch activation (Hsieh and Hayward, 1995; Kaoet al., 1998; Kuroda et al., 2003), we cotransfected RBP-J EEF259AAA
mutant with Olig2-promoter-luc (Tani et al., 2001; Zhou and Hayward,
2001). Overexpression of RBP-J EEF mutant de-repressed the expres-
sion of Olig2 gene (Fig. 9B), suggesting that transcription of Olig2 is
actively suppressed by RBP-J in the process of development of SVZ
neural progenitor cells.
Fig. 8. Reporter systems for RBP-J-mediated transcription in SVZ neural progenitors. (A) Schematic representation of RBP-J-mediated transcription reporter construct. (B–F) SVZ
neural progenitor cells from RBP-Jf/f mice were transfected with 4× RBP-J (B-F)or mRBP-J (C) -Venus and with (B) or without Notch RAMIC expression vector(C–F) in the presence
(E, F) or absence of γ-secretase inhibitor, DAPT(1 μM) (B–D). Loss of RBP-J was induced by Cre-expressing adenovirus infection (D, F). Results are the mean±S.D. of triplicate data
points from a representative experiment. ⁎Pb0.05, ⁎⁎Pb0.01 (Student's t test).
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of RBP-J
To further examine the functional importance of RBP-J-mediated
Olig2 regulation, we assessed the effects of simultaneous depletion of
Olig2 in RBP-J-deﬁcient SVZ neural progenitors, using RNA inter-
ference. We transduced microRNA155-fused short hairpin RNA
(shRNA) against Olig2 (MiR-Olig2) with lentivirus vectors, which
co-cistronically express emerald GFP (EmGFP) to enable the identi-
ﬁcation of shRNA-introduced cells. Introduction of MiR-Olig2
decreased the level of ectopically-expressed Olig2 in 293 cells and
endogenous Olig2 in SVZ neural progenitors (Figs. 9F, G). Next, MiR-
Olig2 expressing lentiviruses were stereotaxically injected to the SVZs
of RBP-Jf/+×Cre or RBP-Jf/f×Cre mice. Lentivirus-infected EmGFP+
cells appeared in OBs 14 days after infection. Immunohistochemical
analysis of EmGFP+ cells in OBs showed that reduction of Olig2
expression rescued neuronal differentiation in OBs from RBP-J-
deﬁcient SVZ neural progenitors (EmGFP+ NeuN+ cells/EmGFP+
cells in OBs: MiR-Control, 70.1±2.2%; MiR-Olig2, 80.7±4.0%, Pb0.05
(Student's t test)) (Fig. 9H). These ﬁndings suggest that the defect in
maturation of RBP-J-deﬁcient neurons is due at least in part to de-repression of Olig2 expression, although we could not exclude the
possibility of indirect effects caused by Olig2 reduction.
Discussion
In this study, we demonstrated that RBP-J plays pivotal roles in
neuronal maturation in adult neurogenesis. In the absence of RBP-J,
generation of granule cells from SVZ neural progenitor cells was
decreased with concomitant increase in Olig2+ and PDGFRα+
oligodendroglial progenitors. The maturation of RBP-J-deﬁcient SVZ
neuronal progenitors to TujI+ post-mitotic neurons was also delayed
in vitro. Our in vitro ﬁndings suggest that transcriptional repression by
RBP-J is required for the maturation of neurons, and one of candidate
RBP-J target genes may be Olig2. RNA interference experiments show
that knockdown of Olig2 partially rescues defects in neuronal
differentiation caused by RBP-J deﬁciency.
Reduction in number of OB granule cells in the absence of RBP-J
may result from several mechanisms: (1) RBP-J may be required for
the generation of immature neuroblasts, A cells, (2) migration of
granule cells to the OB may depend on RBP-J or (3) RBP-J may be
required for the survival of granule cells. In the RBP-J-deﬁcient SVZ,
Fig. 9. Enhancement of neuronal differentiation from RBP-J-deﬁcient SVZ neuronal progenitors by knockdown of Olig2 expression. (A) Conservation of a RBP-J binding site in the
promoter region of Olig2 between mice and humans. Asterisks denote identical bases. RBP-J binding sites are boxed. Arrowheads indicated the single base changed (from G to C) in
mutated sites; this point mutation abolishes RBP-J binding. (B–D) SVZ neural progenitor cells were transfected with Olig2-promoter-luc (B,C), mOlig2-promoter-luc (C,D) and with
(B, D) or without increasing amounts of Notch1 RAMIC or RBP-J-EEF259AAA mutant (C). Results are the mean±S.D. of triplicate data points from a representative experiment.
⁎Pb0.05 (Student's t test). (E) Increased expression of endogenous Olig2 activation in AHPs by Notch activation. RNA was isolated from OHT-inducible Notch IC-expressing AHPs
(LHCTM) or control AHPs (LHCX) cultured for 24 h in the presence or absence of 50 nM OHT and analyzed by RT-PCR. (F) Immunoblot analysis of Olig2 in whole-cell lysates of 293
cells transfected with Olig2-expression vector (Olig2) and various doses of microRNA155-fused shRNA against Olig2 (MiR-Olig2) and control microRNA155 (MiR-control). (G)
Reduced expression of Olig2 in SVZ neural progenitors 18 h after infection of lentiviruses that express shRNA targetingmicroRNA155-fused shRNA against Olig2 (white bar) or control
microRNA155 (MiR-control) (black bar). Level of expressionwas quantiﬁed by real-time RT-PCR and normalized to β-actin abundance. ⁎Pb0.05 (Student's t test). (H) Quantiﬁcation
of NeuN+ cells in the EmGFP+ OB cells of RBP-J f/+×Cre and RBP-J f/f×Cremice. Lentiviruses that express microRNA155-fused shRNA against Olig2 (MiR-Olig2) (white bar) or control
microRNA155 (MiR-control) (black bar) with co-cistronic EmGFP were injected into the SVZs of RBP-J f/+×Cre and RBP-J f/f×Cre mice. Immunohistochemical analysis were
performed 14 days after injection. Values are the mean±S.D. for 3 mice. ⁎Pb0.05 (Student's t test).
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Adenoviral lineage tracing experiments revealed normal migration
of RBP-J-deﬁcient SVZ-derived cells to the OBs and abnormal
generation of OB oligodendroglial progenitor cells from RBP-J-
deﬁcient SVZs. We found ectopic expression of Olig2 in A cells but
did not observe any evidence of increased apoptosis of A cells. These
ﬁndings suggest that RBP-J deﬁciency affects the maturation process
of granule cells.
Notch signaling has recently been reported to promote neural
lineage commitment of ES cells (Lowell et al., 2006; Nemir et al.,
2006). However, loss of Notch1 or a Notch ligand, Jagged1, caused only
loss of self-replication by neural stem cells but no abnormality in
neuronal cell lineage commitment in adult SVZ neurogenesis both in
vivo and in vitro (Nyfeler et al., 2005).These ﬁndings suggest that
Notch-independent activity of RBP-J might be responsible for deﬁcits
in neuronal maturation and preferential differentiation to an
oligodendroglial fate in the absence of RBP-J.
In addition to neuronal maturation defects of RBP-J-deﬁcient SVZ
neural progenitor cells, our data indicated that RBP-J-deﬁcient SVZ
neural progenitor cells preferentially differentiate to oligodendroglial
cells. Several transcriptional factors have been reported to be involved
in oligodendrogliogenesis in the SVZ. Loss of Mash1 caused reduced
generation of both oligodendroglial cells and neurons in the neonatalOB (Parras et al., 2004). Olig2 is required for oligodendroglial cell
generation (Lu et al., 2002; Zhou and Anderson, 2002), and over-
expression of Olig2 in SVZ neural progenitor cells leads to preferential
differentiation to oligodendroglial cells and inhibition of neuronal
differentiation (Buffo et al., 2005; Hack et al., 2005; Marshall et al.,
2005). The effects of loss of RBP-J are similar to those of Olig2
overexpression in SVZ neural progenitor cells, although the change in
Olig2 expression caused by loss of RBP-J is slight. Our analysis of Olig2
enhancer suggested the possibility of RBP-J-mediated Olig2 regulation.
It has been reported that Notch signaling promotes commitment of
oligodendroglial progenitor cells in the embryonic spinal cord (Park
and Appel, 2003). This is inconsistent with our ﬁndings, since loss of
RBP-J enhanced differentiation of OB oligodendroglial progenitor cells.
The existence of dual roles of RBP-J could account for this apparent
discrepancy. RBP-J might upregulate Olig2 expression as a positive
regulator with Notch IC in the embryonic spinal cord, and act as a
negative regulator of Olig2 transcription for neuronal differentiation
in adult neurogenesis. This hypothesis is also supported by the
ﬁndings in Notch1- or RBP-J-deﬁcient spinal cord development. In
neural progenitor-speciﬁc Notch1-deﬁcient spinal cord, an increase in
neuronal differentiation and a decrease in number of Olig2+
progenitors at E11.5 have been found (Yang et al., 2006), whereas
neural-progenitor-speciﬁc RBP-J deﬁciency has no effects on the
350 M. Fujimoto et al. / Developmental Biology 332 (2009) 339–350number of Olig2+ cells in E11.5 spinal cord and enhances the
generation of Olig2+ cells in later developmental stages (Taylor et
al., 2007). In Drosophila, Su(H), the RBP-J counterpart, also functions
as a Notch-independent transcriptional repressor, and the function of
it is required for the differentiation of SOP cells to neurons as well as
eye photoreceptor development (Koelzer and Klein, 2003; Tsuda et al.,
2006).
Notch/RBP-J signaling regulates the process of neural develop-
ment in context-dependent fashion. RBP-J not only mediates Notch
signaling to support stem cell populations, but also promotes neuronal
maturation, which might be mediated at least in part through
regulation of Olig2 in the adult SVZ. The new ﬁndings of the present
study on the regulation of neurogenesis by Notch/RBP-J signaling will
provide new insights into the molecular mechanisms supporting the
maturation of neuron-committed progenitors, and will be of para-
mount importance for efﬁcient induction of neuronal differentiation
from adult neural stem cells in regeneration therapy.
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